The 2,5-oligoadenylate (2-5A) system is an RNA degradation pathway which plays an important role in the antipicornavirus effects of interferon (IFN). RNase L, the terminal component of the 2-5A system, is thought to mediate this antiviral activity through the degradation of viral RNA; however, the capacity of RNase L to selectively target viral RNA has not been carefully examined in intact cells. Therefore, the mechanism of RNase L-mediated antiviral activity was investigated following encephalomyocarditis virus ( The interferons (IFNs) are a family of cytokines which were originally discovered as a result of their abilities to interfere with virus infection and replication (24) but which are now known to effect a diverse set of activities important to higher organisms, including control of cell proliferation and differentiation and regulation of the immune response (reviewed in references 26 and 45). The effects of IFN on cells are initiated by the binding of IFN to specific cellular receptors. The resultant signaling cascade, known as the JAK-STAT pathway, culminates in the transcriptional induction of IFN-stimulated genes (ISGs) and has recently been described in considerable detail (44). Although more than 30 ISGs have been identified to date (26, 52), very little is known about the mechanisms by which they mediate the biological activities of IFN, including its antiviral effects.
The interferons (IFNs) are a family of cytokines which were originally discovered as a result of their abilities to interfere with virus infection and replication (24) but which are now known to effect a diverse set of activities important to higher organisms, including control of cell proliferation and differentiation and regulation of the immune response (reviewed in references 26 and 45) . The effects of IFN on cells are initiated by the binding of IFN to specific cellular receptors. The resultant signaling cascade, known as the JAK-STAT pathway, culminates in the transcriptional induction of IFN-stimulated genes (ISGs) and has recently been described in considerable detail (44) . Although more than 30 ISGs have been identified to date (26, 52) , very little is known about the mechanisms by which they mediate the biological activities of IFN, including its antiviral effects.
Among the ISG-encoded products known to function in the antiviral activity of IFN, the Mx family of proteins (40) and two double-stranded RNA (dsRNA)-dependent enzymes, a 68-kDa protein kinase (PKR) (26, 45) and a family of 2Ј,5Ј-oligoadenylate (2-5A) synthetases (9, 43) whose enzymatic products regulate 2-5A-dependent RNase (RNase L) (46) , have been the most extensively characterized. The 2-5A system is an IFN-regulated RNA degradation pathway (27; reviewed in references 26 and 45). 2-5A synthetase, the first enzyme of the 2-5A system, produces a series of 5Ј-phosphorylated, 2Ј,5Ј-linked oligoadenylates from ATP when activated by dsRNA (9, 23) . The only well-established function of 2-5A is the activation of RNase L (46). 2-5A binding results in the dimerization of RNase L, which constitutes its active form (14) . Activated RNase L mediates the biological activity of the 2-5A system through the cleavage of single-stranded RNA 3Ј of UpN residues, with a preference for UU and UA sequences (16, 55) . Free 2-5A is unstable in cells, being degraded by cellular phosphatases and a 2Ј-phosphodiesterase (25) .
A number of studies have established that the 2-5A system functions in the antiviral effects of IFN. For example, elevated levels of 2-5A and the appearance of specific rRNA cleavage products characteristic of RNase L activation are correlated with IFN-mediated inhibition of encephalomyocarditis virus (EMCV) (47, 53) , vaccinia virus (13) , and reovirus infections (39) . Introduction of 2-5A into cells has been shown to reduce the cytopathic effects of several viruses, including vesicular stomatitis virus (VSV), EMCV, poliovirus, and Semliki Forest virus (1), whereas a 2-5A analog inhibitor of RNase L has reduced the anti-EMCV activity of IFN in intact cells (51) . Further, in cell lines in which 2-5A pathway activity is defective, EMCV replication is resistant to the inhibitory effects of IFN (31) . The cloning of cDNAs encoding 2-5A synthetase (35, 43) and RNase L (56) has provided a means of definitively addressing the antiviral function of the 2-5A system in cells. Constitutive expression of the 40-kDa form of 2-5A synthetase conferred resistance to EMCV and mengovirus (8, 41) . Similarly, expression of a dominant negative mutant of RNase L inhibited the anti-EMCV activity of IFN, confirming its role in IFN's antiviral activity (21) . In these experiments, the antiviral activity of the 2-5A system in cells was restricted to picornaviruses. Accordingly, modulation of 2-5A pathway activity in cells had no effect on IFN-mediated anti-VSV activity (8, 21) , suggesting that a restricted range of viruses is sensitive to inhibition by the 2-5A system.
Although the role of the 2-5A system in IFN's antiviral effects has been well documented, the mechanism by which RNase L activation results in inhibition of virus replication remains unclear. Studies of cell-free systems have suggested that 2-5A pathway-mediated antiviral activity occurs through the direct action of RNase L on viral RNA (2, 37); however, the effect of RNase L on viral RNAs has not been carefully studied in intact cells. Further, the recent finding that RNase L functions in apoptosis (6) suggests that its antiviral activity may occur through the degradation of cellular RNAs, triggering apoptosis to inhibit viral spread. Indeed, specific substrates of RNase L have not been identified. rRNA is the only RNA which has been demonstrated to be cleaved by RNase L in intact cells, and its degradation to discrete cleavage products (47, 48, 54) is detected only in the presence of high levels of 2-5A (Ն10 nM) (29, 54) . However, RNase L has been shown to mediate the antiviral and antiproliferative effects of IFN in the absence of high levels of 2-5A and detectable rRNA cleavage (21, 39) . Thus, rRNA may not represent a physiologically relevant substrate but rather may serve as an indicator of widespread RNase L activity under conditions of high levels of 2-5A. Indeed, RNase L has the capacity to degrade both viral and cellular RNAs, as indiscriminate cleavage has been reported under conditions that produce high levels of 2-5A, e.g., infection with a high multiplicity of infection (MOI) of reovirus (39) or treatment with exogenous dsRNA (38) . The high levels of 2-5A produced are thought to result in widespread activation of RNase L, leading to a global degradation of RNA. However, the finding that RNase L can exert its biological activities in the absence of high levels of 2-5A and rRNA cleavage supports earlier studies which suggested that RNase L can function in a selective fashion under conditions of limiting 2-5A (2, 39). Specifically, viral replicative complexes or mRNAs possessing a contiguous double-stranded structure were preferentially degraded by RNase L in vitro. This observation led to the localized activation model of RNase L selectivity, in which dsRNA in viral replicative intermediates activates 2-5A synthetase, resulting in localized production of 2-5A, activation of RNase L, and cleavage of viral RNA (37) . Consistent with this model, physical complexes containing EMCV dsRNA and 2-5A synthetase which produce authentic 2-5A have been isolated from virus-infected cells (19) . Taken together, these studies suggest that RNase L can function in both selective and nonselective manners depending on cellular 2-5A levels. However, the capacity of RNase L to selectively target specific RNAs in intact cells has not been demonstrated to date.
To investigate the mechanism of RNase L-mediated antiviral activity, we examined viral and cellular RNAs following EMCV infection of cell lines in which expression of transfected RNase L is induced or endogenous RNase L activity is inhibited. Increased expression of RNase L enhanced the anti-EMCV activity of IFN through a reduction in EMCV RNA. IFN treatment and RNase L induction reduced EMCV RNA synthesis, suggesting that RNAs involved in virus replication are degraded by RNase L at early times in the virus life cycle, resulting in an inhibition of viral RNA synthesis. At late times postinfection (PI), RNase L induction had no effect on the decay rate of viral RNA, consistent with its activity early in infection. The RNase L-mediated reduction in viral RNA occurred in the absence of detectable effects on steady-state levels of specific cellular mRNAs and without any global alteration in the cellular RNA profile. Furthermore, extensive rRNA cleavage, indicative of high levels of 2-5A, was not observed in RNase L-induced, EMCV-infected cells, whereas transfection of 2-5A into cells resulted in widespread degradation of cellular RNAs. These findings are the first demonstration of the selective capacity of RNase L in intact cells and link this selective activity to cellular levels of 2-5A.
MATERIALS AND METHODS
Cell culture and transfections. All cells were maintained in a humidified atmosphere of 5% CO 2 -95% balanced air at 37°C. Cells were cultured in growth medium consisting of Dulbecco modified Eagle medium, 10% fetal calf serum (Atlanta Biologicals), and 1ϫ antibiotic-antimycotic (Life Technologies); G418 (500 g/ml) and hygromycin (250 g/ml) were added in stably transfected cell lines. NIH 3T3 cells were transfected with the Lac repressor expression plasmid (p3ЈSS; Stratagene) by calcium phosphate coprecipitation, by standard methods (42) . Stable transfectants were selected by growth in hygromycin and were clonally isolated; cell lines expressing high levels of Lac repressor, as determined by Western blot analysis, were chosen for further study. Lac repressor-expressing cells were transfected with an IPTG (isopropyl-␤-D-thiogalactopyranoside)-inducible RNase L expression plasmid in which the human RNase L cDNA had been cloned into the NotI site of pOP13 (Stratagene) in the sense orientation. Stable transfectants were selected by growth in hygromycin and G418 and were clonally isolated. RNase L was induced by treatment of cells with 3mM IPTG. SVT2/ZB1 and SVT2/pSVL cells were cultured as previously described (21) . Interferon treatment was at 1,000 U/ml, unless otherwise indicated, with murine IFN-␣/␤ (Lee Biomolecular). Cells were harvested by trypsinization, stained with trypan blue, and counted by hemocytometer.
Antiviral assays and in vivo labeling. For antiviral assays, cells were seeded in 96-well plates at 10 4 cells/well and allowed to attach overnight; cells were treated with IFN for 5 h, and then IPTG (3 mM) was added to induce RNase L and cells were incubated for 24 h prior to virus infection. Cells were infected with virus at an MOI of 1.0. Infection was for 1 h in low-serum (2% fetal calf serum) medium, and then the virus was removed and cells were washed twice in phosphatebuffered saline, refed with growth medium, and incubated for 18 h. Viable cells were then stained with a modification of the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Cell Titer-96; Promega) (49), as described by the supplier. Percent viable cells protected by IFN from virusinduced killing was calculated for each data point with the following formula: sample value Ϫ virus control (no IFN)/cell control (no virus) Ϫ virus control (no IFN).
For labeling studies, cells were seeded in 24-well plates (5 ϫ 10 4 cells/well) and infected with virus as described above. After 1 h of infection, virus was removed and cells were refed with growth medium; 2 h later, the cells were treated with 5 g of actinomycin D per ml for 30 min, and then [ 3 H]uridine (Amersham) at 5 Ci/ml was added to the medium. At various times PI, cells were harvested by brief trypsinization and then lysed in ice-cold 5% trichloroacetic acid (TCA) (Sigma). Incorporated radioactivity was determined by filtration through glass fiber filters followed by consecutive washes with 5% TCA, ethanol, ethanolacetone (1:1), and acetone; dried filters were then counted in 5 ml of RediSafe scintillation fluid (Beckman). In pulse-chase experiments, [ 3 H]uridine was removed at 8 h PI and cells were refed with growth medium containing unlabeled uridine (10 mM) and cytidine (5 mM). TCA-insoluble radioactivity was measured at various postchase time points.
2-5A transfection. 2-5A trimer-triphosphate, at a concentration of 1 M, was transfected into cells by calcium phosphate coprecipitation for 75 min (42) . The cells were then washed with phosphate-buffered saline, refed with growth medium, and incubated for 2.5 h; total RNA was then harvested for analysis with Trizol reagent (Life Technologies).
Analyses of gene expression. (i) Protein. Transfected RNase L protein was measured in postmitochondrial supernatants by Western blot analysis with a monoclonal antibody specific for the human enzyme (kindly provided by Robert H. Silverman, The Cleveland Clinic Foundation) (14) ; RNase L was visualized by reaction of blots with ECL (Amersham) and exposure on X-Omat AR film (Kodak). Lac repressor expression was measured by reacting Western blots to a monoclonal antibody specific for the Lac repressor (Stratagene) and visualized by ECL.
(ii) RNA. Total RNA was analyzed on glyoxal-agarose gels by ethidium staining or Northern blot hybridization. Hybridization probes were labeled with [␣-32 P]dCTP by random priming (Pharmacia). A plasmid containing EMCV cDNA, pEC9 (20) , was generously provided by Ann C. Palmenberg, University of Wisconsin. cDNA hybridization probes for ISG15 (4), c-myc (34), glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (17) , and 18S rRNA (21) have been previously described. A PhosphorImager (Molecular Dynamics) was used for quantitation of the data given in Fig. 3A . Autoradiographic images shown in the figures were reproduced by the Eagle Eye (Stratagene) photodocumentation system with real-time imaging without enhancement.
Differential display analysis. Total cellular RNA (0.2 g/reaction) was reverse transcribed (SuperScript II; Life Technologies) as described by the supplier with oligo(dT) 11 A used as primer, and 4 l of the 20-l reaction mixture was PCR amplified (Amplitaq; Perkin-Elmer) in the presence of [␣- 33 P]dATP and arbitrary sequence upstream primers, as indicated in the figure legends. Amplification conditions were as described by the supplier (RNAmap; GenHunter). Reaction products were analyzed on 6% acrylamide denaturing sequencing gels and autoradiographed.
RESULTS

Inducible expression of enzymatically active RNase L.
To examine the role and mechanism of action of RNase L in the antiviral activity of IFN, we sought to express transfected RNase L in cells. Constitutive expression of transfected RNase L was previously demonstrated to be incompatible with cell viability (20a); therefore, an inducible RNase L expression system (LacSwitch; Stratagene) was employed. The human and murine proteins are highly homologous and exhibit essentially identical enzymatic properties in vitro (15, 56) . The human form of RNase L was thus chosen for transfection, since monoclonal antibodies specific for the human enzyme were available (14) and permit direct measurement of transgene expression without contribution from the endogenous murine enzyme. NIH 3T3 cells were transfected with an expression vector driving constitutive expression of the Lac repressor and an RNase L expression vector under the control of a Lac operator. Constitutive synthesis of the Lac repressor inhibits expression of RNase L; treatment of cells with IPTG inactivated the Lac repressor and resulted in a 2-to 10-fold induction in RNase L in different clonal cell lines (compare control and IPTG-induced lanes in Fig. 1A) . Subsequent experiments were performed with the LS1 cell line, as it displayed a high level of induction and a low level of leaky expression in uninduced cells. These inducible cells thus permitted study of the biological effects of ectopic RNase L expression without the compromised growth properties and viability associated with constitutive expression of the transfected enzyme.
To determine if the transfected RNase L was enzymatically active, cellular RNA was analyzed for the presence of RNase L-specific rRNA cleavage products following 2-5A transfection. RNase L-mediated rRNA cleavage occurs in the presence of high levels of 2-5A (i.e., Ն10nM [29, 54] ), which can be achieved by 2-5A transfection, providing a convenient assay for RNase L activity in intact cells (48) . Following transfection with 2-5A trimer-triphosphate, characteristic 18S rRNA cleavage products were observed in RNA from IFN-treated vector control or uninduced LS1 cells (Fig. 1B, lanes 2, 4, 7 , and 9). rRNA cleavage was dramatically increased following 2-5A transfection in RNase L-induced LS1 cells (compare lanes 4 and 9 to lanes 5 and 10 in Fig. 1B) . No rRNA degradation was observed following RNase L induction and IFN treatment in the absence of 2-5A transfection (Fig. 1B, lanes 3 and 8) , indicating that RNase L induction alone does not lead to widespread RNA decay (also see below). Vector control and uninduced LS1 cells exhibited identical RNase L activities upon 2-5A transfection (compare lanes 2 and 4 in Fig. 1B) ; therefore, uninduced LS1 cells were used as controls in subsequent experiments. Both 18S and 28S rRNA cleavage products were detected following activation of the transfected human enzyme, whereas activation of the endogenous murine enzyme resulted in only 18S degradation products (compare lanes 7 and 10 in Fig. 1B ). These distinct cleavage activities provide a qualitative measurement of enzyme activity from the transfected RNase L and demonstrate that the endogenous enzyme is functional in these cells. Importantly, the presence of human RNase L-specific 28S cleavage products indicates that the increased enzymatic activity is a direct effect of the transfected human enzyme rather than an enhanced activity of the endogenous murine enzyme due to titration of a reported RNase L inhibitor (5) . The ability to exogenously regulate expression of a functional RNase L enzyme in these cell lines establishes a system to study the specific biological activities and antiviral mechanisms of this enzyme.
Increased expression of RNase L enhances the anti-EMCV, but not the anti-VSV, activity of IFN. We have previously demonstrated that RNase L activity is required for the anti-EMCV effects of IFN by using a dominant negative RNase L mutant (21) . This antiviral effect is thought to be due to the enzymatic activation of RNase L by 2-5A rather than an increase in levels of RNase L protein; indeed, the transcriptional induction of RNase L by IFN is modest (two-to fivefold [56] ) compared to other ISGs (20-to 100-fold [26, 52] ). We sought to determine directly if the increased expression of transfected human RNase L protein would confer enhanced antiviral activity in mouse NIH 3T3 cells. Cells were treated with IFN in the presence or absence of IPTG for 24 h (at which time induced levels of RNase L were maximal [data not shown]) prior to infection of cells with EMCV or VSV at an MOI of 1.0. At 18 h PI, viable cells were measured by MTT assay. Induction of RNase L in LS1 cells resulted in a dramatic enhancement of IFN-induced protection from EMCV cell killing. Nearly 50% protection was achieved with treatment of 33 U of IFN per ml in RNase L-induced cells, whereas control cells required more than 1,000 U/ml to obtain a similar level of protection ( Fig. 2A) . In contrast to the enhanced RNase Ldependent antiviral activity observed in EMCV-treated cells, IPTG induction of RNase L had little effect on IFN-mediated protection from VSV infection (Fig. 2B) . This result is consistent with several previous studies which have demonstrated that VSV is not sensitive to inhibition by the 2-5A pathway (8, 13, 21) . The increased levels of RNase L in the induced cells thus cannot override the restricted targeting of EMCV and not VSV by the 2-5A pathway. In the absence of IFN, induction of RNase L had no detectable antiviral activity in NIH 3T3 cells. This IFN dependence likely reflects a requirement for elevated, IFN-induced levels of 2-5A synthetase to produce 2-5A and activate RNase L in these cells. Alternatively, IFN may function to block the activity of an IFN-sensitive RNase L inhibitor which has been reported to be present in EMCVinfected cells (7, 47 ; also see Discussion). Fig. 3A) . PhosphorImager analysis revealed a sixfold decrease in EMCV RNA following RNase L induction. Ethidium staining of the RNA gel and hybridization with a GAPDH cDNA probe further confirmed that comparable amounts of rRNA were present in each lane (Fig. 3A, lower panels) . Interestingly, despite the elevated levels of 2-5A synthetase (not shown) and RNase L in the IFN-treated, IPTG-induced LS1 cells, rRNA cleavage products were barely detectable following EMCV infection (Fig. 3A, lane 5) . This observation indicates that the levels of 2-5A produced at the low MOI used in these experiments were insufficient to induce extensive rRNA cleavage. The RNase L-dependent reduction in EMCV RNA thus occurred in the absence of widespread rRNA cleavage, indicating that low levels of 2-5A are sufficient to effect a dramatic biological response.
To confirm our results with transfected RNase L in LS1 cells and demonstrate that endogenous RNase L also exerts its antiviral activity through a reduction in EMCV RNA, we used a cell line which stably expresses a dominant negative mutant of RNase L. We have previously reported that a truncated clone of RNase L lacking the 89 carboxy-terminal amino acids specifically and efficiently inhibits endogenous RNase L activity when expressed in murine SVT2 cells and results in reduced sensitivity to the anti-EMCV activity of IFN (21) . RNA from vector control (SVT2/pSVL) and mutant RNase L (SVT2/ ZB1) cells which had been IFN pretreated and EMCV infected, as described above, was analyzed by Northern blotting. Consistent with our results in RNase L-induced LS1 cells, inhibition of endogenous RNase L activity inhibited the IFNinduced reduction in EMCV RNA (Fig. 3B, lanes 4 and 8) . Inhibition of RNase L activity in the mutant-expressing cell line did not restore EMCV RNA to levels observed in the absence of IFN, indicating either that endogenous RNase L activity is not completely inhibited or that other IFN-induced activities contribute to its anti-EMCV effects. Taken together, these results indicate that the anti-EMCV activity of the 2-5A system is mediated through an RNase L-dependent reduction in EMCV RNA.
Induction of RNase L inhibits viral RNA synthesis. The EMCV genome is a positive-strand, single-stranded RNA. Since RNase L degrades single-stranded RNA, RNase L activation can potentially affect both the synthesis and decay of viral RNA through the degradation of positive-and negative- ]uridine beginning at 2 h PI. Significant incorporation of label into TCA-precipitable counts began at 6 h PI and was subsequently measured every hour through 8 h PI. Cells were treated with actinomycin D during the labeling period to inhibit cellular RNA synthesis; therefore, incorporated label represents viral RNA only. As observed in the Northern blot analyses (Fig.  3A) , IPTG induction of RNase L in the absence of IFN had no detectable effect on viral RNA synthesis (Fig. 4A) . IFN treatment reduced both the absolute levels of [ 3 H]uridine incorporation and the rate of EMCV RNA synthesis. RNase L induction resulted in a significant (P Ͻ 0.01 [Student's t test]) further reduction in viral RNA and the synthesis rate. Specifically, RNase L induction in IFN-treated cells reduced the rate of viral RNA synthesis to 42% of that observed in cells treated with IFN alone and to 17% of that observed in control, uninduced cells (Fig. 4A) . To examine the decay of viral RNA in control and RNase L-induced cells, viral RNA was labeled from 2 to 8 h PI, after which the [ 3 H]uridine was removed and chase medium was added; EMCV RNA accumulation prior to this time of chase was insufficient for decay analysis. Interestingly, IFN treatment and RNase L induction had no detectable effects on the stability of viral RNA compared to untreated cells at late times in the virus life cycle (Fig. 4B) . The decay rate of viral RNA, as indicated by the slopes of the lines in Fig.  4B , was nearly identical under all treatment conditions at 8 to 10 h PI, exhibiting a half-life of approximately 90 min. These kinetic analyses suggest that the antiviral activity of RNase L occurs at early times PI, possibly through the degradation of RNAs involved in active replication of viral RNA, to inhibit viral RNA synthesis.
RNase L selectively targets EMCV RNA without altering the cellular RNA profile. To examine if the RNase L-mediated reduction in EMCV RNA was selective for viral RNA, the steady-state levels of selected cellular mRNAs of distinct stability and abundance classes were analyzed in the RNA isolated from EMCV-infected cells. Specifically, Northern blots were hybridized with a GAPDH cDNA probe representing high-abundance stable mRNA (17), a c-myc cDNA probe representing a medium-abundance labile mRNA (18) , and an ISG15 cDNA probe representing an IFN-inducible mRNA (4) . The GAPDH and c-myc mRNAs were present at comparable levels in all samples (Fig. 5A) , indicating that RNase L induction and IFN treatment had no effect on the steady-state levels of these mRNAs. Similarly, the kinetics and magnitude of ISG15 induction by IFN were unchanged in control and RNase Fig. 3 (200 ng/reaction) was analyzed by differential display, as described in Materials and Methods; the reverse primer was oligo(dT) 11 CA, and the forward primers were EMCV specific (5ЈGAGTCTGTTCTGG3Ј [lanes 1 to 5]) or were arbitrary sequence decamers (5ЈCTGATCCATG3Ј [lanes 6 to 9]; 5ЈCGTAGATCGT3Ј [ lanes 10 to 13] ). An autoradiograph of the gel is shown.
L-induced cells (Fig. 5A) . Interestingly, IFN-induced levels of ISG15 mRNA were consistently reduced in EMCV-infected cells independent of RNase L induction, suggesting a virusmediated inhibition of ISG15 expression. Thus, while RNase L induction and IFN treatment resulted in a dramatic reduction in EMCV RNA, this activity had no detectable effect on the steady-state levels of specific cellular mRNAs.
To further demonstrate the selective action of RNase L on EMCV RNA, differential display analysis (33) was used to examine the effects of ectopic RNase L induction on a larger portion of the cellular mRNA population. In this procedure, a subset of cellular mRNAs are amplified by reverse transcription-PCR so that their expression in cells following RNase L induction, IFN treatment, or EMCV infection can be simultaneously compared. The majority of bands detected in the differential display analysis did not change following RNase L induction (compare lanes 6 to 9 and 10 to 13 in Fig. 5B) , indicating that the reduction in EMCV RNA occurs in the absence of any global changes in the cellular RNA population. The primer sets used in lanes 6 to 13 of Fig. 5B were not homologous to EMCV; therefore, bands corresponding to changes in EMCV RNA were not detected. As a positive control for the differential display analysis, we chose a forward primer from the EMCV RNA sequence so that EMCV RNA would be represented in the set of amplified RNAs. Consistent with our Northern blot analyses, an EMCV-specific PCR product was observed in the samples from virus-infected cells and reduced in samples from IFN-treated, RNase L-induced cells (Fig. 5B, lanes 2 to 5) . Importantly, cellular RNAs amplified with the EMCV primer do not change with RNase L induction or IFN treatment (compare lanes 1 and 5 in Fig. 5B ). These results demonstrate the capacity of RNase L to selectively target viral RNA within a milieu of nontarget RNAs in intact cells.
Previous studies have demonstrated that enhanced levels of 2-5A are required for RNase L-mediated rRNA cleavage and are correlated with indiscriminate degradation of cellular RNA (38, 39) . Consistent with these reports, rRNA cleavage products were barely detectable in RNase L-induced, IFN-treated, EMCV-infected cells in which EMCV RNA was selectively reduced (Fig. 3A) . However, rRNA cleavage was readily detectable in 2-5A-transfected, RNase L-induced cells (Fig. 1B) . To further examine the relationship between 2-5A levels and the selective action of RNase L, cellular RNA was analyzed by differential display following 2-5A transfection into control and RNase L-induced cells. In contrast to EMCV-infected cells in which RNase L induction had no detectable effects on cellular RNA (Fig. 5B) , 2-5A transfection resulted in the disappearance or reduction of a large portion of bands in the RNase L-induced cells (Fig. 6, lanes 2 and 4) . Maintenance of low levels of 2-5A in IFN-treated, EMCV-infected cells was thus critical for the selective action of RNase L on EMCV RNA, as transfection of excess 2-5A into cells led to widespread RNA degradation.
DISCUSSION
An accumulation of evidence has established the role of the 2-5A system in mediating the antipicornavirus effects of IFN. Isolation of physical complexes containing EMCV dsRNA has demonstrated the means by which 2-5A synthetase is activated and 2-5A is produced in virus-infected cells (19) . The cloning of cDNAs encoding RNase L (56) has provided the tools for functional modulation of RNase L in cells and direct testing of the hypothesis that RNase L-mediated antiviral activity occurs through the direct and selective degradation of viral RNA by RNase L (2, 37) . The aim of this study was thus to investigate how RNase L affects the fate of viral and cellular RNAs in EMCV-infected cells and how this relates to the mechanism of RNase L-mediated antiviral activity.
RNase L is present at basal levels in most, if not all, mammalian cell types (46) . Although RNase L levels are increased in growth-arrested cells (30) and following IFN treatment (56) , its biological activity is thought to be controlled at the level of enzymatic activation rather than through regulation of its transcription and translation. Indeed, transfection of exogenous 2-5A into cells results in increased RNase L activity (48) , supporting the view that intracellular levels of 2-5A are rate limiting in the activation of RNase-L and that cellular levels of RNase L are sufficient for maximal biological activity. Ectopic expression of RNase L in a vaccinia vector system, however, resulted in an enhanced protection from vaccinia infection (13) . Our results demonstrate an RNase L-dependent increase in anti-EMCV activity, providing further evidence that increased expression of the ribonuclease component alone can result in enhanced biological activity.
While increased levels of RNase L enhanced the anti-EMCV activity of IFN, no anti-EMCV activity was observed in the absence of IFN. In contrast, ectopic RNase L expression was reported in a previous study to confer resistance to vaccinia virus independent of IFN treatment. This difference may reflect the higher basal level of 2-5A synthetase in cell lines used in the latter study (13) . Alternatively, the different virus types and MOI employed in the vaccinia system may have resulted in higher levels of viral dsRNA, leading to activation of 2-5A synthetase in the absence of IFN. In the case of EMCV infection, IFN may serve a function in addition to the induction of 2-5A synthetase to facilitate 2-5A pathway-mediated antiviral activity. Previous studies have reported an EMCV-induced RNase L inhibitor which resulted in nearly complete inhibition of 2-5A binding activity by 6 h PI (7, 47) . Total RNA from the control and 2-5A-transfected LS1 cells shown in Fig. 1 (200 ng/reaction) was analyzed by differential display, as described in Materials and Methods; the reverse primer was oligo(dT) 12 A, and the forward primers were 5ЈTTTTGGCTCC3Ј (lanes 1 and 2) or 5ЈCTTTCTACCC3Ј (lanes 3 and 4). An autoradiograph of the gel is shown.
LS1 cells did not extend the range of viruses sensitive to 2-5A pathway antiviral activity to include VSV, confirming previous studies which demonstrated that multiple mechanisms are responsible for the full range of IFN's antiviral effects (31, 36) .
IPTG induction of RNase L clearly reduced viral RNA to levels below that observed in cells treated with IFN alone. In cells expressing a dominant negative RNase L mutant, the IFNinduced reduction in EMCV RNA was inhibited, thus establishing that the antiviral activity of the endogenous enzyme functions through a reduction in viral RNA. Distinct viral RNA populations function as mRNA, replication templates, and genomes for progeny virions in the course of EMCV infection; therefore, we investigated if the RNase L-mediated reduction in EMCV RNA affected viral RNAs at a specific stage of infection. IPTG induction of RNase L inhibited EMCV RNA synthesis, indicating that RNase L activation occurred at an early point in the virus life cycle. Consistent with this observation, an increase in 2-5A has been reported to parallel the formation of EMCV replicative intermediates at early times in the virus life cycle (19, 47, 53) . Inhibition of EMCV RNA synthesis by RNase L suggested that viral RNAs associated with active replication complexes are targeted by RNase L. Studies in a cell-free system which indicated that viral replicative intermediates were preferentially degraded by RNase L (37) support this interpretation.
Interestingly, although IFN treatment and RNase L induction dramatically reduced the absolute levels and synthetic rate of viral RNA synthesis at early times PI, neither treatment had a detectable effect on the decay rate of viral transcripts late in EMCV infection. This observation is consistent with RNase L activation at early steps of virus replication; however, the low levels of viral RNAs at this stage of infection precluded direct measurement of their decay rates. The uniform stability of viral RNAs under all treatment conditions at late times of infection suggests that once viral RNAs dissociate from the replication complex, they behave like the majority of cellular RNAs, being refractory to degradation by RNase L (also see below). Indeed, distinct viral RNA populations have been shown to be differentially localized (50) and to exhibit different kinetic profiles during the picornavirus life cycle (3) .
A central issue in elucidating the mechanism by which RNase L elicits its antiviral activity lies in ascertaining its capacity to target specific RNAs for degradation; indeed, this has been a pivotal question since the discovery of the 2-5A system. Previous studies have reported indiscriminate degradation of viral and cellular RNAs by RNase L in the presence of high levels of 2-5A (38, 39); however, high levels of 2-5A are not required for the antiviral and antiproliferative activities of RNase L in cells (21, 39) . Studies using a cell-free system have demonstrated 2-5A-dependent, preferential degradation of nascent reovirus mRNA over nonviral mRNAs, further supporting the view that RNase L can function in a selective fashion (2) . Our data support a selective mechanism of action for RNase L, as the RNase L-mediated reduction in EMCV RNA was specific for viral RNA and occurred in the absence of detectable changes in specific cellular mRNAs or in the global RNA profile. In addition, significant rRNA cleavage was not observed under conditions in which EMCV RNA was selectively targeted (i.e., in RNase L-induced, IFN-treated cells), indicating that cellular levels of 2-5A were low. Increasing the 2-5A concentration via transfection of exogenous 2-5A into RNase L-induced LS1 cells resulted in rRNA cleavage and widespread degradation of cellular mRNA. These results extend previous correlative and in vitro data, providing the first demonstration of the selective capacity of RNase L in intact cells; our data further link this selective activity to low levels of cellular 2-5A.
Mammalian cells employ diverse strategies in the defense against viral infection depending on the type of virus and conditions of infection. In the classical scenario of IFN-mediated antiviral activity, IFN produced in virus-infected cells protects surrounding cells from subsequent rounds of infection through the collective action of ISG-encoded products. An alternate antiviral strategy is the induction of apoptosis in the host cell to prevent the production and spread of progeny virions (10, 11) . The recent findings that the IFN-regulated enzymes PKR (12, 28, 32) and RNase L (6) can function to promote apoptosis suggested that apoptotic and nonapoptotic antiviral pathways are mediated through common mechanisms. In the case of RNase L, recent studies have demonstrated that transfection of cells with 2-5A or constitutive expression of transfected RNase L can induce apoptosis and that inhibition of endogenous RNase L can protect from apoptosis (6) . In addition, rRNA cleavage products identical to those generated by RNase L were observed in apoptotic cells (22) , suggesting that the role of RNase L in apoptosis may involve widespread degradation of RNA. Conversely, RNase L-dependent anti-EMCV activity occurred through selective reduction in viral RNA in the absence of high levels of 2-5A and rRNA cleavage through a nonapoptotic mechanism, as apoptosis was not observed under the conditions of transient RNase L induction and EMCV infection employed in this study (20a) . The ability to regulate the extent of RNase L activation directly through the levels of cellular 2-5A, or indirectly through the levels of dsRNA, thus provides a potential mechanism of directing its biological activity to an apoptotic or nonapoptotic pathway.
Although the full spectrum of biological activities attributable to the 2-5A system are not yet known, it is clear that it serves functions beyond the antipicornavirus effects of IFN. For example, we have previously demonstrated that RNase L is required for the growth-inhibitory response to IFN (21) , and it has recently been shown to play a role in apoptosis independent of IFN (6). Our current findings that RNase L can act in a selective manner suggest that RNase L may elicit its growth-inhibitory effects via the degradation of specific cellular mRNAs. Indeed, RNase L-dependent growth inhibition in IFN-treated cells occurs in the absence of detectable rRNA cleavage (21), consistent with low levels of 2-5A and a selective mode of action. The present study has established the capacity of RNase L to selectively reduce viral RNA in intact cells. This provides a biologically relevant substrate which can be used to identify the cis-and trans-acting factors required for RNase L-mediated activity. An understanding of the molecular basis of selective RNA decay by RNase L may provide insights into the mechanisms which limit the range of its antiviral activity and into the nature of its cellular RNA substrates in the absence of viral infection.
